I. INTRODUCTION
Reliability is a critical element in the continued growth of the photovoltaic (PV) industry. Design qualification tests such as IEC 61215 [1] and IEC 61646 [2] have been key to mitigating infant mortality. However, qualification tests do not address the following:
• New types of failures that have appeared since the qualification tests were developed, like potential-induced degradation (PID);
• Premature failures that result from inadequate Quality Management Systems (QMS); and • Longer-term failures due to the use of materials that suffer degradation due to outdoor exposure. As the PV industry has grown, there has been a growing interest in the use of improved test methods to select quality PV modules. To address this desire, a number of organizations, particularly test laboratories, have proposed their own version of testing beyond qualification, which has led to the availability of multiple test procedures [3] . Although some of these have been designed to address failures seen in the field, PV customers often choose the tests with the longest test times, without any clear evidence of the value of the added stress or time.
Qualification Plus has been created to fill an immediate need by providing a well-defined set of accelerated stress tests that correlate with field performance [3] . In establishing Qualification Plus, the following were considered essential:
• All included tests must be related to observed field failures of crystalline silicon module types that have successfully passed the qualification test.
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• All tests must be under development to become international standards.
• Random sampling, to eliminate cherry picking of test articles.
• Testing on a continuing basis, rather than a one-time event.
• Requirements on the manufacturer's Quality Control system, to ensure that subsequent modules are manufactured the same way as those that are tested. In addition, every effort was made to avoid extended tests unless there was a technical basis to demonstrate relevance to field performance. This paper describes the different tests selected and provides explanations for their selection. The tests in Qualification Plus include module level tests like those in the qualification test sequences as well as material and component level tests like those in the module safety standard (IEC 61730-1 [4] and IEC 61730-2 [5] ). The paper also provides information on how samples are selected and how the tests must be conducted.
II. MATERIAL OR COMPONENT TESTS
The qualification tests do not contain any materials tests and contains only one component test, the bypass diode thermal test. The IEC PV module safety standard does contain some materials tests, but in the present Ed ition 1, these tests are not of long enough duration to evaluate many field failures. We hope that this will change in future editions, but they, like the work of the International PV Quality Assurance Task Force (PVQAT), are not available as standards today. The emphasis is on testing the functionality of each material to show that it can perform the functions it is designed to perform within the module both before and after exposure to the relevant stress tests. So, it is important to select accelerated stress tests that duplicate the stresses the material would encounter in the field and to select material parameters to measure that represent the properties that should be maintained for the module lifetime.
One advantage of requiring testing of the materials is that one material manufacturer can qualify the material for multiple module manufacturers. One of the complexities of testing the materials is to ensure that they are tested in a manner that is consistent with their use. For example, testing a PV encapsulant directly exposed to the ultraviolet (UV) source when it is always going to be used behind a sheet of glass may give misleading results.
A. UV Exposure of Encapsulants
Discoloration of module encapsulation in fielded modules has been frequently reported. Notably, of approximately 2,000 reports in the literature [6] , close to two-thirds of the papers reporting problems identified encapsulant discoloration as being noticeable. See Fig. 1 for a typical example. The loss of short-circuit current, which largely drives degradation in crystalline silicon modules [6] , is partially caused by this discoloration.
-2cm This problem was recognized in the 1990s. Researchers at STR were successful in finding a test that could quickly identify the basis for discoloration and verify subsequent EVA encapsulation formulations that greatly reduced the rate of discoloration [7] . Fig. 2 . Accelerated UV aging of "standard-cure" and "fast-cure" EVA encapsulants (Reprinted from [8] ). Subsequent information indicates that the conditions were actually 0.55 W/m2 at 340 nrn; 90°C black-panel (BP) temperature, 70°C chamber temperature, and a constant 50% relative humidity.
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These UV tests have been used by multiple research laboratories and are now under evaluation via a round robin by Task Group 5 of PVQAT [9] . The Qualification Plus Test conditions are:
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• Corresponding Black Panel (uninsulated) Temperature of 90°C ± 5°C
• Duration of exposure: � 4000 hours to achieve at least 224 kWhlm 2 total UV (300-400 nm).
The pass/fail is based on <2% decrease in solar-weighted photon transmittance TslI"
The relationship between Weather-ometer UV dose and discoloration has been developed for EVA. With other encapsulation materials, different relationships are expected. However, the exposure conditions recommended here are not highly accelerated, so the test should result in a reasonable representation of real world exposure. The duration of exposure represents about 2.5 years of exposure in Phoenix, AZ. This should be enough exposure to determine if a particular encapsulant will begin to discolor during field deployment.
B. UV Exposure of Polymeric Materials
Long-term exposure of polymers to sunlight can cause some materials to degrade. Because these polymers are usually part of the module electrical insulation (e.g., backsheet, junction boxes, connectors), their failure can result in potential safety hazards (see Fig. 3 ). The Qualification Plus tests apply a longer UV exposure at a moderately low temperature for these polymers. The components and their test conditions are:
• Cables and connectors use the same exposure as encapsulants.
• Backsheets use an irradiance of 81 ± 8 W/m 2 between 300 and 400 nm, or 0.8 ± 0.08 W/m 2 /nm at 340 nm with similar temperatures and humidity as encapsulants. The duration of the exposure is � 4000 hours to achieve at least 320 kWh/m 2 total UV (300-400 nm). Because backsheets can be exposed from both the front and back sides, Qualification Plus requires exposure from both sides. Front-side exposure is through the intended glass/encapsulant combination, whereas the back-side exposure is directly onto the rear side of the backsheet.
• Junction boxes use the test conditions as per EN 50548 [10] which includes water spray as part of the cycle . This is soon to be published as IEC 62790 [11] .
e. Bypass Diode and Junction Box Thermal Test
There have been a number of reports of failed diodes in fielded systems. Kato reported that in one system with> 1 ,200 modules, roughly half had diodes that were not functioning [12] . The Bypass Diode Thermal Test in the Qualification Test requires one-hour exposure under normal operating conditions with current flow of Standard Test Conditions (STC) short circuit current (lsc) at a 75°C operating temperature and 1 hour at 1.25 times STC Isc. Neither of these times is long enough to even simulate what would happen to a diode if it is required to operate in the "on" mode for a single hot day. As a durability test of the diode, Qualification Plus increases the time with an STC Isc current flow from 1 hour to 96 hours at a 75°C operating temperature with all of the diodes within the junction box operational.
III. MODULE TESTS
Qualification Plus increases stresses that are expected to identify some of the most commonly observed field failures. At the same time, we are trying to avoid extending tests where there does not appear to be any evidence that such extensions will duplicate failures seen in the field. This is why the proposed sequence does not include an extension of the damp heat test [13] . Figure 4 shows a diagram of the module tests from Qualification Plus. Failures of solder bonds and ribbons in the module laminate have dominated the field failure Pareto charts in a number of studies [12] [14] . Field data indicate that modules that survive 200 thermal cycles from the qualification test have suffered broken interconnects and degraded solder bonds in the field [15] . The main question is how much more stressful the thermal cycle regime should be. Recent work indicates that modules susceptible to such failures begin to show significant power loss after about 500 cycles (see Fig. 5 ) [16] [17] . All three of these studies [15 to 17] have shown that many module types survive well beyond 500 thermal cycles without suffering significant power loss. So, the test level for Qualification Plus has been set at 500 thermal cycles. There are data indicating that broken cells can lead to power loss in fielded modules. The module shown in Fig. 6 degraded about 9% in peak power over the course of two years outdoors. The use of dynamic mechanical loading followed by thermal cycling has been used as a stress test for cell breakage and other potential failures caused by bending and vibrating during manufacture, handling, transportation, installation, and operation. As the data in Table 1 [18] show, none of the tests in the present qualification test sequence appear to provide the stresses necessary to evaluate power loss caused by broken cells. Qualification Plus calls for adding the DML test, as described in the draft IEC standard [19] , into the test sequence that includes UV/DMLiTC50/HFI0.
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Initial TC200 TC400 TC600 T C 800 IEC Test level Recent data have shown that the effects of system voltage combined with the presence of moisture can cause significant degradation of module power, especially for those deployed at high negative voltage to ground [20] . IEC is developing a test method to characterize the susceptibility of PV modules to PID [21] . The PID test included in Qualification Plus is one of the test methods in the present IEC draft. It includes exposure for 96 hours at 60°C and 85% relative humidity with an applied voltage equal to the module's maximum rated system voltage. Correlation of this test with field data from Florida has been published [22] . Figure 7 from Ref. 22 shows PID chamber results for several modules. The degradation rates at 85°C were so rapid (and not replicating field observations) that 600C was chosen for the test condition.
A few years ago PID was of great concern to the PV community. Since that time most module manufacturers have begun to use the test procedures given in the draft of IEC 62804 or similar test methods and have developed products that are resistant to PID. So even before the IEC standard has been published, it has had a positive impact on the PV industry.
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D. HotSpot
The hot spot test in the second edition (2005) of IEC 61215 has problems with both the selection of cells to test and the test procedure used once the test cell has been selected [23] . The selection procedure states "Short circuit the module and select a cell by one of the following methods; 1. With the module exposed ... at a stable irradiance of not less than 700 W ·m-2 , determine the hottest cell using an appropriate temperature detector. 2. Under the irradiance specified for step a), (not less than 700 W'm-2 ) completely shadow each cell in turn and select the cell or one of the cells which gives the biggest decrease in short-circuit current when shadowed."
The first method for selecting a cell to test will only find the cell that has the lowest short-circuit current, which is not related at all to reverse bias performance, which is what leads to hot spot problems. The second method for selecting a cell calls for shadowing each cell in turn and selecting the cell that causes the biggest decrease in short-circuit current. This will fmd the cell with the highest shunt resistance. The cell found by this technique should be tested, but there is nothing in this procedure to guide the test lab to look for cells with localized shunts that may be susceptible to hot spot heating. A second problem with the second method is that many modules have built-in bypass diodes that are always in the circuit. With these modules, fully shadowing a cell will not change the short-circuit current at all, because one of the diodes will turn on and carry the current around the shadowed cell.
Today, many modules have diodes that are not removable, so for these modules, the worst case shadowing level for high resistance cells is never determined nor used in the testing for IEC 61215 Edition 2. So, the procedure underestimates the hot spot stress on high shunt resistance cells.
An improved hot spot method has been proposed for the third edition of IEC 61215. This method has already been incorporated into ASTM E2481-06 [24] , so Qualification Plus requires hot spot testing to the ASTM E2481-06 standard.
IV. SELECTION OF SAMPLES AND TEST PROCEDURES
The qualification tests allow for the use of engineering samples to validate the design, as evidenced by its statement that "When the modules to be tested are prototypes of a new design and not from production, this fact shall be noted in the test report." Qualification Plus, however, is designed for manufactured products, not pre-production. Therefore, the samples used for the testing must be randomly selected from a production line that is actively shipping products. Because it is production sampling, a larger statistical sample was desired. Therefore, Qualification Plus calls for testing of five modules through each of the test legs instead of the two used in IEC 61215. Finally, where IEC 61215 allows retesting of one test in case of a failure in that test, Qualification Plus requires a full retest if one module fails one test. A one-in five or 20% failure rate in the field would not be acceptable to most customers, so why should it be allowed in a test of product quality?
V. AUDIT OF QUALITY MANAGEMENT SYSTEM
The delivery of a durable and reliable product requires both qualification of the design and consistent control of the manufacturing process. There have been numerous cases where degradation or failures of modules have been attributed to poor workmanship or inadequate handling of design and materials changes. So any system designed to ensure product durability and reliability must address the quality system under which those products are produced.
Task Group 1 of PVQA T has developed a guideline for PV Manufacturing Quality Management Systems (QMS) [25] . This guideline is now being developed as an IEC Technical Specification [26] in preparation for its use in the new IECRE Conformity Assessment System [27] .
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VI. CERTIFICATION REQUIREMENTS
Testing to Qualification Plus requirements shall be certified (using these specifications and the relevant sections of IEC 61215, EN, or ASTM standards) by an International Laboratory Accreditation Corporation (ILAC) accredited laboratory or a laboratory accredited by IECEE for testing per IEC 61215. The test data for the component testing should be accepted by the accredited test lab from the component manufacturers meeting the data acceptance procedure of the test lab. Both the certificate and test report will indicate that these data were accepted by the test lab according to their data acceptance procedure. Annual documentation of compliance with these standards is required to retain Qualification Plus status and should be reviewed during the Qualification Plus audit.
Retest requirements for modifications to product design or materials will be very important for Qualification Plus especially because some of the tests take so long. At this time, the modification rules for IEC 61215 and IEC 61646 have been established by IECEE [28] . A new work item to prepare a Technical Specification for "Photovoltaic (PV) Modules -Retesting for type approval, design and safety qualification" has been approved by IEC TC82. Ultimately, this document should provide the retest guidance necessary for Qualification Plus. However, before the IEC Technical Specification is published, a more detailed guide than the IECEE Decision Sheet will be necessary for Qualification Plus.
Qualification Plus includes material and component tests as well as full module tests. Material tests (like those for encapsulants and backsheets) require long-term UV exposure. In setting up Qualification Plus, it was assumed that the material manufacturers would be doing most of these long term tests. So, a module manufacturer would use the material supplier's long-term UV exposure data when switching from one vendor to another. For changes within a formulation, more detailed guidance will be required. Modifications to the formulation that will require retest will have to be spelled out in detail based on the expected impact on long-term behavior. For example, because we are so concerned about discoloration due to UV, any change in a type of additive will have to be evaluated. On the other hand, a change in percentage of one additive (say reduction by 10% relative) except maybe the UV absorber is not likely to make a large difference in the discoloration rate and so would not trigger a retest for UV exposure.
The requirements for retest and the use of an approved Quality Management System are both likely to increase stability of design and construction in the PV module industry. The QMS will likely require changes/modifications to be validated via the Qualification Plus testing which will take months to complete. Module manufacturers will have to discipline themselves to only make changes on a periodic basis, when a number of changes can all be incorporated into a new model, like the automobile industry has been doing for decades. This added discipline will go a long way to improving the continuing quality of PV modules.
VII. SUMMARY
Qualification Plus was developed to provide a well-defined set of accelerated stress tests that correlate with field performance for PV modules. This is a test procedure that can improve the customer's faith in the reliability and lifetime of purchased modules while minimizing the number of test sequences required beyond the qualification tests themselves. TUV Rheinland has begun the process of turning Qualification Plus into a US National Standard through the American National Standards Institute (ANSI). As described here, Qualification Plus is directly relevant to crystalline silicon modules with backsheets. Its application to thin-film or glass-glass silicon modules is expected to require some modifications.
